Reagents. Reagents used were paclitaxel (Taxol; Bristol-Myers, Princeton, New Jersey, USA) with a stock solution of 6 mg/mL; vincristine and vinblastine (Eli Lilly Co., Indianapolis, Indiana, USA) with a stock solution of 1 mg/mL, or were obtained from Sigma Chemical Co. (St. Louis, Missouri, USA) and dissolved in ethanol at 1 mg/mL. Epothilones A and B were provided by F. Lee (Bristol-Myers) and dissolved in water. Adriamycin was obtained from Sigma Chemical Co. and dissolved in DMSO as a 2 mg/mL stock solution. FR901228 (depsipeptide) was obtained from Chemistry and Synthesis Branch (National Cancer Institute, National Institutes of Health, Bethesda, Maryland, USA) and prepared as a 1 mg/mL stock solution in water.
p53 and p21 expression vectors. Ad-p53, a wt p53-expressing replication-deficient adenovirus, and Ad-LacZ, a β-galactosidase-expressing replication-deficient adenovirus were obtained from B. Vogelstein. Ad-p21, a wt p21-expressing adenovirus was obtained from W.S. El-Deiry, and viral titer was determined as described previously (23) .
Western blot analysis. Proteins were harvested in TNESVF buffer (50 mM Tris HCl [pH 7.5], 2 mM EDTA, 100 mM NaCl, 1 mM sodium ortovanadate, sodium fluoride, 1% NP-40) with protease inhibitors and were resolved on 12.5% for p21 WAF1/CIP1 or Bcl-2, and on 7.5% SDS-PAGE for Raf-1, p120, mdm-2 and p53 detection as described previously (23) . If indicated, proteins were resolved on NuPAGE 4-12% BisTris gel with MOPS running buffer (NOVEX, San Diego, California, USA) according to manufacturer's instructions. Immunoblot was performed using the following antibodies: antihuman monoclonal WAF1 (EA10), p53 (PAb2) and mdm-2 antibodies (Oncogene Research Products, Cambridge, Massachusetts, USA) anti-Raf-1 rabbit polyclonal (C12; Santa Cruz Biotechnology Inc., Santa Cruz, California, USA), and antihuman Bcl-2 monoclonal (DAKO Corp., Carpinteria, California, USA) antibodies.
MTT assay. A total of 2000 cells were plated in 96-well flat-bottom plates in 100 µL of medium. The next day, cells were exposed to the pharmacological agents. After 2 days of the last drug addition, 20 µL of 5 mg/mL MTT solution in PBS was added to each well for 4 hours. The medium was discarded, and 170 µL DMSO was added to each well to dissolve the formazan crystals. The absorbance at 540 nm was determined using a Biokinetics plate reader (Bio-Tek Instruments Inc., Winooski, Vermont, USA). Triplicate wells were assayed for each condition, and standard deviations were determined. Cell-cycle analysis. Cells were harvested by trypsinization, washed with PBS, resuspended in 75% ethanol in PBS, and kept at 40°C for at least 30 minutes. Before analysis, cells were washed again with PBS and resuspended and then incubated for 30 minutes in propidium iodide staining solution containing 0.05 mg/mL propidium iodide (Sigma Chemical Co.), 1 mM EDTA, 0.1% Triton-X-100, and 1 mg/mL RNAse A in PBS. The suspension was then passed through a nylon mesh filter and analyzed on a Becton Dickinson FACScan (Franklin Lakes, New Jersey, USA).
Results

Lack of paclitaxel effects in doxorubicin-arrested HCT116 cells.
Exposure of HCT116 cells to either microtubule drugs such as paclitaxel (PTX) or to low doses of DNA-damaging drugs such as 50-100 ng/mL doxorubicin (DOX) causes accumulation of cells predominantly in G 2 /M phase. In addition to G 2 /M arrest, doxorubicin causes G 1 arrest (Figure 1a ). Cells pretreated with 100 ng/mL doxorubicin for 12 hours and then treated with 100 ng/mL PTX for an additional 16 hours had essentially the same cell-cycle distribution as did cells treated with doxorubicin alone (Figure 1a ). Although both G 2 and mitotic arrest are included in the G2/M peak and thus are indistinguishable on cytometry (Figure 1a ), they can be easily distinguished by mitotic index (Figure 1b Mitotic arrest caused by paclitaxel is associated with phosphorylation of proteins on multiple serine residues (22) with characteristic mobility shift such as shown for Bcl-2 protein (Figure 1d ). Doxorubicinpretreatment abrogated this early marker of the paclitaxel-induced cytotoxicity (Figure 1d) , determining different cell fate. Although cell viability dropped after paclitaxel treatment, pretreatment with doxorubicin prevented this decline (Figure 1e ). Cytostatic doses of another DNA-damaging drug,
Figure 2
Comparison of DOX-and p21-mediated cytoprotection. (a) HCT116 cells were treated with 100 ng/mL doxorubicin (DOX) or infected with 10 moi Ad-p21 (p21) for 36 hours, and then cell-cycle analysis was performed as described in Methods. The pie chart represents the percent of cells in each phase of the cell cycle: 1 = G1 phase; 2 = G2 phase; solid area = S phase. Control adenovirus, Ad-LacZ, did not change cell-cycle distribution. (b) HCT116 cells were pretreated with 100 ng/mL DOX for 16 hours or 10 moi Ad-p21 (p21) for 24 hours. A plus sign indicates that cells were treated with 100 ng/mL PTX for 20 hours; a minus sign indicates that they were left untreated. Cells were lysed after 20 hours, and p53, p21, Raf-1, and p120 were measured by immunoblot. (c) HCT116 cells were pretreated as already described here and then treated with 100 ng/mL PTX. After 48 hours the MTT assay was performed.
etoposide, were also cytoprotective against paclitaxel (data not shown). [ 3 H]Thymidine incorporation was decreased by either paclitaxel or doxorubicin, and, as expected, pretreatment with doxorubicin could not restore [ 3 H]thymidine incorporation (Figure 1f) . A decrease in the number of dead cells was the most sensitive test to determine cytoprotection after 3 days (Figure 1g) . Also, minimal cell death was observed in doxorubicin-pretreated cells even after 7 days (data not shown).
p21 overexpression is partially protective against paclitaxel in HCT116 cells. Previous studies have shown that p53-dependent p21 induction is required for G 1 and G 2 arrests after DNA damage (7, 8, 19) . Consequently, we examined the ability of a p21-expressing adenovirus (Ad-p21) to protect from paclitaxel cytotoxicity. Treatment with doxorubicin and overexpression of p21-arrested cells with different proportion of the phases G 1 or G 2 arrests. Although doxorubicin caused predominantly G 2 arrest, overexpression of exogenous p21 caused predominantly G 1 arrest in HCT116 cells (Figure 2a) . A proportion of cells that arrested at G 1 or G 2 after DNA damage depends on cell type and the levels of p53/p21 induction (19, 24) . Doxorubicin induced both p53 and p21, whereas infection with Ad-p21 increased p21 only (Figure 2b) . The level of p21 in the Ad-p21-infected cells was substantially higher than in doxorubicin-treated cells. The differences in cell-cycle distribution between doxorubicin-treated cells and those infected with Adp21 may be explained by differences in the levels of p21, with higher levels resulting in G 1 instead of G 2 arrest in HCT116 cells. Furthermore, wt p53 induced by doxorubicin can activate other targets that participate in the G 2 checkpoint (25, 26) . Regardless of the distribution in G 1 versus G 2 , overexpression of p21
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The partially abrogated early events associated with paclitaxel-induced mitotic arrest and cytotoxicity ( Figure  2b ). Hyperphosphorylation of Raf-1 protein, a marker of mitotic arrest of microtubule drugs, was diminished not only by doxorubicin but also by p21 (Figure 2b) . Accumulation of the p120 nucleolar protein, a sensitive marker of the drug-induced cytotoxicity (27) , was dramatically induced by paclitaxel ( Figure  2b , lane 1 versus lane 2). In contrast to cytotoxic doses, cytostatic doses of doxorubicin do not affect p120 protein levels (27) , and as shown in Figure 2b , both doxorubicin and Ad-p21 abrogated paclitaxelinduced p120 protein accumulation. However, infection with Ad-p21 was less effective than doxorubicin in preventing cell death, as measured after 48 hours of exposure to paclitaxel (Figure 2c ). This difference can be explained by the fact that doxorubicin completely arrested cells, whereas alone, p21 cannot completely sustain cell-cycle arrest and, over time, allows cells to enter mitosis. Doxorubicin is not protective in cells lacking p21. To elucidate further the role of p21, we utilized HCT116 cells lacking p21 (p21 -/-cells) which, as previously shown, do not undergo G 1 or G 2 growth arrest after radiation (7, 19) . As expected, doxorubicin induced both Mdm-2 and p21, p53-responsive proteins, in HCT116 cells, whereas it induced mdm-2 but not p21 in p21 -/-cells (Figure 3a ). Doxorubicin inhibited [ 3 H]thymidine incorporation in parental cells, but this was less pronounced in p21 -/-cells (Figure 3b) . In contrast to parental cells, p21 -/-cells were not protected against paclitaxel-induced cytotoxicity ( Figure 3, c and d) . It is important to emphasize that doses above 100 ng/mL were toxic to both p21 -/-and parental cells. In agreement with previous reports (8, 19) , p21-deficient cells are more sensitive to the cytotoxic effects of doxorubicin and undergo cell death by day 4, whereas cytostatic doses of doxorubicin did not kill HCT116 arrested in G 2 phase for at least 1 week. Growth arrest without cell death, which can be achieved in parental cells, cannot be achieved in p21 -/-cells, consequently cytoprotection against paclitaxel is lost.
In HCT116 cells, doxorubicin-pretreatment prevented cell death caused by other microtubule drugs including vincristine, Colcemid (depolymerizing agents), and epothilone A (like paclitaxel, a polymerizing agent) (Figure 4a) . In p21 -/-cells, all of these drugs were cytotoxic
The Cells were infected with 10 moi Ad-p21, and after 24 hours, treated with 100 ng/mL PTX as indicated. MTT assays were performed after 2 days.
Figure 6
Doxorubicin fails to protect p53 -/-cells. (a) Effects of doxorubicin on p53 and p21 proteins in HCT116, p21 -/-, and p53 -/-cells. Cells were incubated with (+) or without (-) 100 ng/mL doxorubicin fordespite pretreatment with doxorubicin ( Figure 4b ). We next investigated FR901228, an experimental therapeutic drug and histone deacetylase inhibitor that does not interact with tubulin or microtubules but, in addition to G 1 and G 2 arrest, induces mitotic arrest in 20-25% of cells (28, 29) . Given the ability to induce mitotic arrest in such large proportion of cells, FR901228 is the most appropriate control available with which to compare the microtubule-active drugs. Doxorubicin did not prevent cell death caused by FR901228 (Figure 4 ), indicating that its cytotoxicity may not require mitotic arrest and also that cytoprotection may be selective to microtubule-active drugs whose main mechanism of cytotoxicity is mitotic arrest. Furthermore, FR901228 -induced cytotoxicity was enhanced in cell pretreated with doxorubicin ( Figure 4) . Reintroduction of p21 into p21 -/-cells results in high levels of p21 (Figure 5a ). Cell-cycle analysis revealed that p21 arrested p21 -/-cells at the G 2 and G 1 phases (Figure 5b ) and partially abrogated paclitaxel-induced cytotoxicity (Figure 5c ). Therefore, p21, but not doxorubicin, was able to diminish cell death induced by paclitaxel in the cells lacking endogenous p21.
Lack of cytoprotection in p53-deficient HCT116 cells. We next examined HCT116 cells lacking wt p53 gene (p53 -/-) (19) . P53 protein was undetectable in p53 -/-cells (Figure 6a) , and, as in p21 -/-cells, doxorubicin could not induce p21 (Figure 6a ). p53 -/-cells were more resistant to paclitaxel than p21 -/-cells ( Figure  6b ). Despite this difference in the basal sensitivity to paclitaxel, neither p53 -/-cells nor p21 -/-cells were protected by doxorubicin from paclitaxel-induced cytotoxicity (Figure 6b) . Similar results were obtained with E6-expressing HCT116 cells with undetectable p53 protein (data not shown).
Discussion
One of the greatest challenges in cancer therapy is to develop treatment regimens with improved therapeutic indices by exploiting the disruption of checkpoint controls in tumor cells (30) (31) (32) (33) (34) . As has been convincingly demonstrated previously (8, 19) , the G 2 arrest that follows DNA damage depends on p53 and p21, whereas cells lacking p53 or p21 enter mitosis (19) . We exploited this difference in checkpoint fidelity, taking into account that microtubule-active drugs, such as paclitaxel or vinca alkaloids, can induce mitotic arrest only in cells that enter mitosis; and in turn, prolonged mitotic arrest causes cell death (22) . We demonstrate that low doses of a DNA-damaging drug, doxorubicin, predominantly induces G 2 arrest in HCT116 cells and thus protects against cytotoxicity induced by microtubule drugs. Paclitaxel-induced mitotic arrest is accompanied by protein hyperphosphorylation and is followed by cell death, whereas pretreatment with 100 ng/mL doxorubicin for 12-16 hours abrogates these events. Protection by doxorubicin from the cytotoxicity of other microtubuleactive drugs (epothilones A and B, vincristine) was also achieved. Thus, cells with intact checkpoints can be protected by pretreatment with a DNA-damaging agent, and the optimal dose is that which induces a sustained G 2 arrest without cell death.
In agreement with previous results after radiation (19) , both the G 1 and G 2 arrests induced by low doses of doxorubicin are p21 dependent, and, despite pretreatment with doxorubicin, p21 -/-cells died 2 days after treatment with microtubule-active drugs. Furthermore, overexpression of p21 alone using an Ad-p21 vector provided partial cytoprotection from paclitaxel. In addition, even though p53-deficient HCT116 cells were somewhat more resistant to paclitaxel than were either parental or p21-deficient cells, they were not protected by doxorubicin from paclitaxel cytotoxicity.
Cytoprotective effects of p21 against paclitaxelinduced cytotoxicity have been demonstrated previously (35) (36) (37) (38) . Those studies implied that cytoprotection was due to inhibition of Cdc2 kinase causing cell exit from mitosis. In our model, cytoprotection by DNA damage exploits different phenomena. First, induction of p21 by doxorubicin causes complete cytoprotection by preventing entry into mitosis. Second, although p21 is required for the doxorubicinmediated abrogation of paclitaxel cytotoxicity, p21 cannot substitute for doxorubicin. High p21 levels after Ad-p21 induced predominantly G 1 arrest, whereas doxorubicin predominantly arrested HCT116 cells at G 2 . Thus, although p21 is required, doxorubicin may use additional mechanisms (25, 26) as well as p53-independent pathways. Therefore, doxorubicin-induced arrest is not equivalent to p21-or p53-induced arrest. Indeed, cytostatic doses of doxorubicin are more effective than p21 in providing cytoprotection against microtubule drugs. Finally, although cytoprotection by p21 is biologically significant, cytoprotection by drugs could be potentially used in clinical practice. Doxorubicin, used in the present study, is protective over a narrow concentration range because of the toxicity at higher doses. However, it provides a model for protection of cells using their intact checkpoints, whereas less toxic drugs could be exploited to induce p53 and p21.
